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Abstract

We present an analysis of data from pf)‘ collisions at a center of mass energy of
Vs = 1800 GelV. A  measurement is made of the ratio
R = o'B(pp—W-ev) / o-B(pp —+20—ee). The data represent 19.6 pb-1 collected by
the Collider Detector at Fermilab (CDF) during the 1992-1993 collider run of the
Fermilab Tevatron. We find R = 10.90 + 0.32 (stat.) + 0.29 (sys.), and from this value
we extract a measurement of the W - ev branching ratio
I'(W—-ev)/T'(W) = 0.1094 £ 0.0033(stat) £ 0.0031(sys.). From this branching ratio
we set a limit on the top quark mass of mgop > 62 GeV/c2 at the 95% confidence level.
In contrast to direct searches for the top quark, this limit makes no assumptions
about the allowed decay modes of the top quark. In addition, we use a calculation of
the leptonic width I'(W-ev) to obtain a value for the W total decay width:
I'(W) = 2.064 £0.060(stat.) £ 0.059(sys.) GeV.

PACS Numbers 13.38.+c, 12.15.Ff, 14.80.Dq, 14.50.Er.

1. Introduction

The W boson width, I'(W), is a fundamental parameter that is well-predicted in
the Standard. Model. The W decays with approximately equal probability to each of
three lepton families and to the two quark families that are kinematically available.
The quark families receive an additional factor of three in their decay probabilities
due to their color charge. Hence, the branching ratio of the W into (£4Vp) is
approximately %. By dividing a calculation of the W leptonic partial width, I'(W—4v),
by the leptonic branching ratio, one may predict that the W width is = 2.1 GeV. This
article presents a measurement of W boson decay width, I'(W), and of the leptonic
branching ratio, I(W— ev)/T(W). _ '

The W width is altered if additional decay modes are available to the W. In
particular, if the W can decay to a light top quark (m¢ <Mw-mp) and a b quark, the W




width changes to (W) = 2.8 GeV and the leptonic branchin
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(95% C.L.), but these limits assume that the top always decays via the reaction t—Wb.

We have presented evidencel2] that suggests that the top quark mass is
me = 174 £ 17 GeV/c2. If, however, the top is light and has decays other than t—»Wb
b

. 3 v . » .
een missed by the direct searches, or if other weak isodoublets exist that
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couple to the W, then the W width could see a contribution from these sources. The
top could have non-Standard Model decays, for example, if a charged Higgs exists and
t—-H*b were the dominant decay channel. Then the top could be missed by direct
searches for t—Wb.[3] These enhancements to the W width are independent of

assumptions regarding the allowed decays of the daughters of the W.

The W decays with universal coupling to pairs of fermions within weak
isodoublets. The partial width into fermion pairs is calculated to be:[4]
To(W—fF ') = \Vgi2Ne gzMu/487r, where Vgp is the CKM matrix element for two
quarks and is 1.0 for leptons. The color factor N¢is 3 for quarks and is 1 for leptons.
The variable My is the W boson mass, and g is the W's coupling to fermions. In the
Standard Model the W-fermion coupling is given by g2 = :,%GFM‘?V; where GF is the

Fermi coupling constant derived from the muon lifetime.

This simple calculation of the W width receives corrections at next-to-leading
order in QCD. At lowest order, the W may decay with equal probability to each of
three lepton families and to two quark families, assuming that the top quark is heavy
(with a color factor of three on the quark decays). Quark decays receive an
additional QCDK-factor enhancement at O(as) due to vertex graphs involving gluon

exchange. Rosner et al.I5] have thus calculated:
I'o(W-4v)/To(W) = [3 + 6( 1+as (Mw)/ﬂ:)]'1 = 0.1084 +0.0002.

I'o(W) = 2.075 £0.021 GeV,

The W width also receives electroweak corrections due to next-to-leading order
graphs which alter the effective coupling g at the W-fermion vertex for all
fermions. Within the context of the Standard Model the W width receives vertex and




Bremsstrahlung corrections(4] that depend upon the top and Higgs masses. The
corrections can be summarized in the equation:

T(W - ff)sp = ToW - £F)-[1+ 8y + Sw(0)+ 8],

where O6w(0) is the correction to the width from loops at the W-fermion vertex
involving Z0's or a Standard Model Higgs, Oy describes boson self-energies, and 6,, isa
correction made necessary when g is parameterized using the W mass and the value
of Gr from muon decay.[6] The factor dy(0) also incorporates corrections to the W
propagator from the top quark that are not absorbed into the W mass. The vertex
corrections from the Standard Model Higgs cause I'(W) to change by approximately
1% as the Higgs mass varies from 50 GeV/cZ to 1000 GeV/cZ, while the correction
from tb loops changes I'(W) by approximately 4% as the top quark mass varies from
80 GeV/c2t0 200 GeV/c2.[4]

Because the electroweak vertex corrections to g above are nearly identical for
both leptons and quarks, these corrections affect only the W width. In the case of the
leptonic branching ratio, the coupling g cancels out and hence the leptonic
branching ratio is almost competely insensitive to these vertex corrections.
Including the radiative corrections, and for the particular choice of
me = 140 GeV/c2 and Mpjggs = 100 GeV/c2, Rosner, et al., find:[5]

T(W)sp = 0.996 x (W) = 2.067 £ 0.021 GeV,
T(Wotv)sy / T(W)sm = To(W— &) /T o(W) = 0.1084 + 0.0002.

To test the Standard Model, it is desirable to measure both I'(W—#v)/T (W) and
I'(W). The branching ratio is the most sensitive quantity for new decay modes, since
the uncertainty in the theoretical prediction of I'(W) due to the uncertainty in the
measured W mass cancels in the branching ratio. The total width, furthermore, may
be used along with the leptonic branching ratio to obtain a measure of I'(W—¢v). The
leptonic partial width is predicted to be gZMW/487r , and deviations in the measured
value indicate values of the W-fermion coupling g2different from that given by the
Standard Model.




1.1 Measurement of (W) from Wand Z0 Cross Sections

The W leptonic branching ratio may be extracted from a measurement of the
ratio, R, of the cross sections times leptonic branching ratios of the W and 20 in pp
collisions.[7] The ratio R may be expressed as:

CBPP-Wotv) _ _o(pp W) _[(W-tv) _I(Z0)
o B(pP—~Z0-4) o(pp—20) TI(Z0-¢) T(W)

On the right hand side, the ratio o(p-W) /6(pp—Z0) of the production cross
sections may be calculated from the boson couplings and knowledge of the proton
structure. The Z0 total width, I'(Z0), and the leptonic partial width, I'(Z0-¢*¢), are
well-measured by the LEP experiments.[sl Thus, a measurement of R yields a precise
measurement of the W leptonic branching ratio I'(W—¢v)/T(W). If one then divides a
calculation of the leptonic width I'(W—#v) by the measured branching ratio, a value
is extracted for the total decay width, I'(W), of the W. Note, however, that the width

extracted from the branching ratio is not sensitive to electroweak vertex corrections
to the coupling g, since it is normalized to the calculated I'(W—/v). While in

principle the corrections to the W-fermion coupling would also alter the production
cross section o(pp—W), a direct measurement of I'(W), such as the one described in

Section 1.2, is desirable as a check of these effects.

1.2 Previous Measurements of I'(W)

The measurements of the W width extracted from the ratio R are given in
Table 1.1. In Table 1.1, mode = "e" or "u" refers to the decay mode of the W (or z0
used in the measurement. This long paper reports on a measurement of R made by
the CDF Collaboration[9] with a relative uncertainty of 4.1%. The best measurement
of the W width previous to the most recent CDF result has an error of 7.6%. The
combination of all published measurements from R yields a value for the W total
decay width, I(W) = 2.07 + 0.07 GeV, an accuracy of 3.5%. Prior to the most recent

CDF measurement, the world average had an uncertainty of 5.2%.
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The W width has also been measured directly from studies of the W transverse
mass lineshape in pp collisions, where M. = (B! + I1P)2 - (B% + P2 and B%
and ﬁ‘7’~ are components of the electron and neutrino momenta transverse to the p
and p beams. These direct measurements complement the indirect value from the W
and Z0 cross sections because they have entirely different systematic uncertainties.
More importantly, they are free of the theoretical assumptions regarding the W

Table 1.1: Previous Measurements of I'(W).

T'(W) (GeV)

Experiment Method Mode Vs (TeV)

cDrl9] R e 1.8 2.064 £ 0.085
cDr(10] R e 1.8 2.14 + 0.20
cDEl11] R u 1.8 2.21 + 0.27
ua1l12] R u 0.63 2.19 + 0.30
UA2[13] R e 0.63 2.10 £ 0.16
ua1l14] Direct e 0.63 28+ 1.9

CDFI15] Direct e 1.8 2.11 + 0.32

coupling to fermions. Direct measurements of I'(W) from the transverse mass
distribution at hadron colliders will approach the 1% level with the 1 fb-1 of data
anticipated at Fermilab in 1998.[16]

The W width will also be determined by the LEP-200 experiments at center of
mass energy near Vs = 2My from an endpoint analysis of the W daughter lepton
energy spectrum. This measurement of I'(W) is also direct one, like the lineshape

measurements at pp colliders, and the LEP-200 experiments anticipate an accuracy
on I'(W) of 200 MeV, or 10%.[17]

1.3 1992-1993 Run of CDF

The data presented in this paper were collected by the Collider Detector at
Fermilab observing pp collisions at a center of mass energy of Vs = 1.8 TeV. During
the 1992-1993 collider run, the Fermilab Tevatron delivered a total integrated
luminosity of fLdt = 27.3 pb-1, with typical instantaneous luminosities of
4.0 x 1030 cm2sec! and a peak instantaneous luminosity of 9.7 x 1030 cmZsec1.
The Collider Detector at Fermilab wrote 20.6 pb-I of data to tape, with the 30% loss
dominated by operational problems. This compares to 4.0 pb-1 of data collected in




CDF's previous 1988—1989 run. Approximately 1.0 pb-1 of this year's data was
discarded after the fact because of hardware difficulties during data taking. In the
19.6 pb-1 of data remaining, approximately 20000 W—ev and 1600 Z0—e*e~ decays
were observed from all triggers, as were 7000 W— puvand 600 Z0—_ ptu- decays. Note
that, while same data sample is being reported on as in reference [9], our
measurement of the luminosity has changed by approximately 10%. This change is
documented in reference [2]. Thus, while reference [9] quotes an integrated
luminosity of 21.7 pb-1, that same data sample is here estimated as 19.6 pb-1. Note
that Ris independent of the luminosity.

1.4 Strategy of This Measurement

The signature of high-Pr leptons from W and Z0 decay is quite distinctive in
the environment of hadron collisions. As such, the decay of W and Z0 bosons into
leptons provides a clean experimental measurement of their production.
Experimentally, the cross sections times branching ratios are found from:

I\Fﬁ"didates _ N.sztx,ckground
Anew [Ldt

O-B(pp->W-4v) =

Apzandidates _ NBgckground
Azez JLdt

O B(pp—Z0-4+£) =

where Ny({‘/a"didates and chandidates are the number of W and 20 candidates observed;
Aw and Az are the "acceptance" for the W and Z0 decays (which includes the
efficiency for the kinematic cuts on the leptons and the geometric acceptance of the
detector); ew and €7 are the efficiency for the W and Z0 to pass the lepton
identification criteria, and fLdt is the integrated luminosity of the experiment.
Measuring the ratio of the cross sections allows some of the quantities (as well as
their uncertainties) on the right hand sides to cancel.

The strategy of this cross section ratio measurement will be to require at least
one charged lepton passing tight selection criteria in both Wand Z0 decays to fall in
the central, barrel region of the detector, where magnetic tracking analysis




augments the calorimeter measurements (See Section 2). For this measurement, only
electrons will be considered.

The number of Z0's limits the statistical accuracy of the R measurement of
(W), and this tactic of requiring a central electron common to both Wand Z0 decays
decreases the available Z0 statistics even further. From a simple Monte Carlo
(described in Section 7), we learn that this requirement is apprbximately 80%
efficient for Z0's. It is only ~ 60% efficient for W's, but the W's do not statistically
limit the overall measurement. Requiring a common central electron for both W's
and Z®s will increase the statistical error on R from 2.6% to 2.9%.

This method of requiring one central electron common to both W and 70
decays, however, decreases the systematic error in the measurement. The selection
criteria for the central electron (which appear in the factors ewand €£7) will almost
completely cancel in the ratio R because they are common to W's and Z0's. Imposing
tight selection criteria on the central lepton allows loose selection criteria to be
applied on the second lepton (either electron or neutrino). The systematic error in
the ratio of acceptances is also smaller than for the individual acceptances when a
common central electron is required. Furthermore, because of the magnetic analysis
in the barrel region of the detector, systematic errors from W and Z0 backgrounds
are much smaller in the barrel than in the end-cap regions. These smaller
uncertainties offset the expected 0.3% increase in statistical error from requiring
the common central electron.

1.5 Electrons in p p Collisions

In addition to presenting a measurement of the W/Z0 cross section ratio in pp
collisions, this paper attempts to describe the other sources of inclusive electrons.
Electrons from W and Z0 decay account for only a fraction of the high-Pr inclusive
electrons observed in our detector, and the study of these other electrons is not only
of interest in determining the backgrounds to the W/Z0 samples, but of interest in its
own right. We anticipate that electrons in pp collisions fall into three categories: 1)
electrons which come in et*e- pairs, either from photon conversions or Dalitz decays;
2) electrons from heavy quark decay; and 3) hadrons that fake electrons. We discuss




techniques to diffentiate between these different sources of electrons and their
relative contributions to the inclusive electrons observed.

- 1.6 Outline of Paper

The article will proceed as follows: Section 2 describes electron and neutrino
identification in the CDF detector. Section 3 describes the selection of the inclusive
electron sample and the separation of this sample into W and Z0 samples and a non-
W/Z0 control sample of electrons. Section 4 describes the physics sources of high-Pr
electrons in the non-W/Z0 sample. This description is used in Section 5, where we
discuss the make-up of the W sample and estimate the backgrounds. Section 6
discusses the Z0 candidate sample and its backgrounds. Section 7 describes the Monte
Carlo program used to determine the acceptance ratio AW/Az. Section 8 describes the

the efficiencies ew and €z Section 9 provides a cross check of the R measurement,
and Section 10 summarizes the extraction of I'(W) from the cross sections.

2. Electron and Neutrino Identification

Many previous publicationsns] give detailed descriptions of the various
components of the Collider Detector at Fermilab (CDF) detector. In this section, we
summarize briefly the physical characteristics of those detector components
relevant for electron and neutrino identification and describe their performance
during the 1992-1993 run.

2.1 The CDF Detector

CDF is a cylindrical detector with a central barrel region, two end-cap (plug)
regions closing the barrel, and two far-forward detector regions (see Figure 2.1). It
features electromagnetic (EM) and hadronic (Had) shower counters arranged in
projective tower geometry, as well as charged particle tracking chambers. The
tracking chambers are immersed in a 1.4 T magnetic field oriented along the proton
beam direction provided by a 3 m diameter, 5 m long superconducting solenoidal
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magnet coil. Although not used in this analysis, drift chambers outside the hadron
calorimeters for muon detection cover the region Inl < 1.0.[119]

2.1.2 Calorimeters

Table 2.1 summarizes the calorimeter subsystems at CDF. In the central barrel
region covering the angular region -1.1 < 17 < 1.1, the electromagnetic (CEM) and
hadron (CHA, WHA) calorimeters are made of absorber sheets interspersed with
scintillator. Plastic light guides bring the light up to two phototubes per EM tower.
The towers are constructed in 48 wedges, each consisting of 10 towers in 7] by one
tower in ¢ (see Figure 2.2). Proportional chambers are embedded near shower
maximum, 6 radiation lengths (Xg) within the EM calorimeters. These chambers,
called Central Electron Strip (CES) chambers, have wires in the r-¢ view and cathode
strips in the z view. The CES is summarized in Table 2.2. A second set of proportional
chambers, the Central Pre-Radiator (CPR), placed in between the front face of the
EM calorimeters and the magnet coil, act as a shower pre-sampler. Both the CES and
CPR are split into two separate readout segments in the z direction, so that the wires
do not run along the full length of the calorimeter, but are read out in two divisions.

In the plug end-cap and forward detector regions, the towers are made of
absorber sheets sandwiched with conductive plastic proportional tube arrays.
Cathode strips outside the plastic tubes are read out and provide tower segmentation.
Near shower maximum in the plug EM (PEM) calorimeter, a layer with finer-spaced
strips spacing provides shower profile and precise position determination.

Arrays of scintillator planes are mounted on the front face of each of the far-
forward EM shower counters. These planes, called the Beam-Beam Counters (BBC's)
are shown in Figure 2.1 and are used to signal an inelastic collision. At lower
instantaneous luminosities, a coincidence of at least one hit in each plane of the
BBC's is required to initiate the trigger system. Each BBC consists of an array of 16
scintillator planes and 16 photomultiplier tubes that encircle the 360° around beam
pipe and cover the pseudorapidity range 3.24 < Inl < 5.90. At higher instantaneous
luminosities, the mean number of pp interactions per crossing of p and p bunches
is sufficiently high that the BBC coincidence was unnecessary to guarantee the
presence of an inelastic collision.
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Table 2.1 Description of the CDF Calorimeter Subsystems

CEM CHA,WHA PEM PHA FEM FHA
Energy
Resolution 13.5 80 28 130 25 141
% /VE)
Angular
Coverage <11 <13 1.1 -24 13 -24 22 -42 23 -4.2
(inlnl)

Segmentation 0.1 x 15° 0.1 x 15° 0.1 x 5° 0.1 x 5° 0.1 x5° 0.1 x 5°
(anx Ag)

Active lead, iron, lead, iron, lead, iron,
Medium scintil- scintil- propor- propor- propor- propor-
lator lator tional tube tional tube tional tube tional tube
Position 0.2 cm 10 cm 0.2 cm 2 cm 0.2 cm 3 cm
Resolution X X X X x X
(r-¢ x 2) 0.2 cm?) S5cm 0.2 cm 2cm 0.2cm 3cm
Longitudinal 18 Xp.,?» 4.7 Azps 19 Xp, 5.7 Agps 25 Xo, 7.7 Aabs
Depth 1.0 Aabs 1-0 Aabs 0-8 Aabs

a) Using the CES chambers ) Including the 1 X, solenoidal coil

Table 2.2 Descripton of the Shower Max
Detector (CES) and Pre-Shower Detector (CPR).

CES Chamber CPR Chamber
Wires Strips Wires
(r-¢ view) (z view) {(r-¢ view)
Number of Channels 32 69,2 59b) 16
Spacing (cm) 1.45 1.67, 2.07® 2.2
Spatial Resolution (cm) 0.2 0.2 -
Saturaton Energy (GeV) 150 150 >150
Chamber length in z (cm) 234 103
Chamber Width in ¢ (° 14.0 12.1

2) for CES segment between 6 cm <z< 115 cm
b) for CES segment between 115 cm < z < 240 cm
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2.1.2 Charged Particle Tracking

Within the 1.4 T axial magnetic field of the solenoidal magnet are three

detectors for charged particle tracking. The Silicon Vertex Detector (SVX) is a four-
layer silicon microvertex detector with single-sided readout to provide precise r-¢

information for the reconstruction of track impact parameters. The Vertex Tracking
Chamber  (VTX) is a time projection chamber in 8 modules with a maximum drift
distance of 10 cm. It provides reconstruction of the primary event vertex in the z
direction with 0z = 1 mm accuracy. The Central Tracking Chamber (CTC) is a large

drift chamber with 84 layers of sense wires organized into 9 superlayers. Four of the
superlayers are tilted + 3° with respect to the z axis so as to provide stereo position

measurement of charged particle tracks. The charge collected on its wires allow
particle identification to be performed through dE/dx measurements with 1.50 e-w

separation at 5 GeV/c. The three tracking chambers are summarized in Table 2.3.

Table 2.3: Description of the Charged Particle Tracking Chambers

Silicon Vertex Vertex Tracking Central Tracking
Detector (SVX) Chamber (VTX) Chamber (CTC)
Polar Angle Coverage Inl < 1.0 Inl <3.25 inl <1.5
Inner, Outer 2.7, 8, 30.9,
Tracking Radii (cm) 79 22 132.0
Length (cm) 26 280 320
Layers 4 24 60 axial,
24 stereo
Strip or Wire 60 um (inner 3 lay.) 6.3 mm 10 mm
Spacing 55 um (outer layer)
Spatial Resolution 15 um(r¢) 200-500 um (r-z) 200 uym (r¢)
4 mm(r-z)
Momentum 6Pr/Pr = 0.001xPP) - 6Pr/Pr = 0.002xPr
Resolution
Thickness (§ = 907 ~ 0.035 X = 0.045 X

a) For inner 2 modules. '7 moles are 3 cm inner raius.
b) With both CTC and SVX hits incorporated into track fit.
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2.2 Electron Cluster Candidates

Electron identification begins with a clustering algorithm to identify electron
showers. An electron cluster consists of a seed tower (the tower in the cluster with
the largest energy) and shoulder towers (adjacent towers incorporated into the
cluster). Towers with electromagnetic (EM) transverse energy ET > 3 GeV are
eligible to be seed towers.[20] Towers with EM ET > 0.1 GeV are eligible to be
shoulder towers. Beginning with each seed tower, a cluster is formed by
incorporating neighboring shoulder towers until either no further adjacent towers
may be incorporated or until the maximum cluster size is reached. The maximum
cluster size is restricted to three towers in pseudorapidity (An = 0.3) by one tower in
azimuth (A¢ =~ 15°) in the central region, five towers in pseudorapidity (47 ~ 0.5) by
five towers in azimuth (A¢ ~ 25°) in the plug region, and seven towers in
pseudorapidity (47 = 0.6) by seven towers in azimuth (A¢ ~ 35°) in the forward
region. Finally, it is required that the EM Et of the cluster be greater than 5 GeVand
that the ratio of hadronic Erto electromagnetic ET be less than 0.125.[21]

2.3 Fiducial Volume for Electrons

Figure 2.3 shows schematically the fiducial volume of the detector for
electrons used in this analysis. Of the central region defined by Inl <1.1, 78.9% of the
area in 7)-¢ space is in the fiducial volume for electrons; 78.5% of the region Il <3.6

is in the fiducial volume for electrons.

In the central region, the electron position is determined using the CES
shower position and is required to lie within 21 cm of the tower center in the r-¢
view so that the shower is fully contained in the active region. The region Inl < 0.05,
where the two halves of the detector meet, is excluded. The region 0.77<1n<1.0,
75°<¢<90° (the "chimney") is uninstrumented because it is the penetration for the
cryogenic connections to the solenoidal magnet. In addition, the region
1.05 < Inl < 1.10 is excluded because of the smaller depth of the electromagnetic

calorimeter in this region.

In the plug and forward regions, the electron position is determined from the
seed tower (see Section 2.1). The boundaries between detector regions, 1.1 < Inl < 1.2
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and 2.2 < In| < 2.4 are excluded because of the overlap between detectors. The region
3.6 < In | < 4.2 in the forward region is excluded. In both the plug and forward

calorimeter, the electron seed tower is required not to be adjacent to the quadrant
boundaries. This is+ 5°around each quadrant boundary.

2.4 Central Electron Identification

Electron identification in the central region is made more powerful by the
presence of the Central Tracking Chamber, the Central Strip Chambers, and the
Central Pre-Radiator. Using the electron identification variables described here and
the cut values in Table 3.1 for tight central electron candidates, the fraction of
hadron jets falsely identified as electrons is estimated to be 2 x 10-3 for jets with
Er > 20 GeV (note at CDF that the dominant background to high-Pr electron
candidates is not isolated pions, but jets of hadrons). The CPR may be used to further
reduce the misidentification rate by one order of magnitude. The purity of electron
candidates with ET > 20 GeVwith the cuts of Table 3.1 is approximately 84%.

2.4.1 Calorimeter Transverse Profile
The transverse profile, or "Lshr," of a central electron allows a comparison of

the lateral sharing of energy in the calorimeter towers of an electron cluster to
electron shower shapes from test beam data. The variable Lshr is defined as:

Lshr = 0.14 E7 _E
o ':2,/0.142-E+(AE,M)=

where E}¥ is the measured energy (in GeV) in a tower adjacent to the seed tower,
EP*® is the expected energy (in GeV) in the adjacent tower, 0.14VE (in GeV) is the
error on the energy measurement, and AE”® (in GeV) is the error on the energy
estimate. E”®* is calculated using a parameterization from test beam data. The

distribution of Lshr for inclusive and W electrons is shown in Figure 2.4(a).
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2.4.2 Strip Chamber Pulse Height

The CES chamber, embedded 6 radiation lengths into the central
electromagnetic calorimeter, can be used to observe the longitudinal development of
a shower. An electromagnetic shower in the calorimeters is generally initiated
much earlier for an electron than for a hadron. Shown in Figure 2.5(a) is the
variable CES/p = (X.Qj)/p for electrons and hadrons, where Q; is the charge on a
strip (in ADC counts), p is the track's momentum (in GeV/c), and the sum is over the 5

PRI R

strips {z view) around the track's position extrapolated to the strip chambers.
2.4.3 Strip Chamber Pulse Height Shape

The pulse height shape in the CES is also used for electron identification. The
pulse height shape is compared to test beam data using a y2 test. The variable ¥ imp

is the y2 of the fit of the energy deposited on the each of the 11 strips in z in the CES
shower compared to the test beam shape. A similar variable ¥ fvire tests the energy
deposition on the wires in the r-¢ view. The variable xsztrip for inclusive electron

candidates ahd for electrons from W decays is shown in Figure 2.4(b).
2.4.4 Charged Track Requirement

Electromagnetic clusters in the calorimeters can arise from neutral particles,
such as n0-yy decay. We require the presence of a charged track in the CTC for
electron identification. We require the ratio of the electromagnetic energy, E, of the
electron cluster measured in the calorimeter to the electron's momentum, p,
measured in the central tracking chamber to lie in the range 0.5 < E/p < 2.0. The
distribution of the variable E/p for inclusive electron candidates and for electrons
from W decays is shown in Figure 2.4(c). The tail above E/p > 1in W electrons is due
to the radiation of photons by the electron as they pass through the material inside
the CTC. The radiated photons generally land in the same calorimeter cell as the
electron, so E has the same value as the initial electron energy, but p is smaller as it
is measured in the CTC after the Bremsstrahlung radiation. This tail is larger in the
inclusive electrons because of the presence of electrons from n0- yy »ye*e, for
which p is the momentum of one electron, but Eis close to the energy of the pion.
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2.4.5 Track-Shower Matching Variables

The CTC track pointing to the electron cluster is extrapolated to the CES, and the
extrapolated position is compared to the shower position as measured in the CES. The
variable Ox is the separation in the r-¢ view between the extrapolated track position

and the CES strip cluster position. The variable 6z is the corresponding separation in

the z view. Cutting on these variables reduces the background from overlaps of
charged and neutral hadrons. The variables éx and 6z for inclusive electron

candidates and for electrons from W decays are shown in Figure 2.4(d,e).
2.4.6 CPR Pulse Height

The CPR pulse height on the two wires around a track is used to discriminate
electrons from hadrons. An electron may begin to shower in the solenoid, while a

hadron will leave only a minimum-ionizing pulse. The solenoidal coil thickness is
0.85 Xp at normal incidence. Figure 2.5(b) shows the pulse height shapes for

electrons and hadrons.
2.4.7 Electron Track Impact Parameter

The impact parameter of the electron's track is used to discriminate electrons
of long-lived parent particles from those originating from primary vertex of the pp
collision. The lifetime of bottom quarks is ¢t ~ 400 um, while the impact parameter,
dg, resolution is 64 ~ 40 um. The lifetime of the W and Z0 are negligible on this
scale. For charged tracks with Pt > 1 GeV/c, the dominant contribution to the

impact parameter resolution is the uncertainty in the primary vertex position.

The "signed impact parameter," Dsjgn, is defined for a track in the CTC pointing
to a jet in the calorimeters. It is defined as:

32! * ﬁ jet

Dsign = dp -
|30 * njet'

- . . . . .
where dp is the vector which points from the primary vertex to the point of closest
approach of the track to the primary vertex. The unit vector fljet points from the

17




primary vertex to the energy centroid of the jet in the calorimeter. A track
emanating from the decay vertex of a long-lived parent will have positive Dsjgn,
whereas a track from the primary vertex will have, on average, zero Dsign.

position resolution of the individual hits in the SVX layers; scattering of the electron
in the beampipe before reaching the SVX; radiation of photons by the electron as it

passes through the material in the tracking volume; and the location uncertainty of
the primary vertex. The Dgjgn distribution for electrons from Z0e+e- decays is
shown in Figure 2.6. The observed o agrees well with the dominant contributions of
the 0 = 32.5 um effect of the primary vertex spread (see Figure 2.7), and the o = 10.7
um effect of Bremsstrahlung radiation (estimated from a Monte Carlo simulation).
The impact parameter significance, D/0 = Dsjgp/0 is shown for electrons from
Z0-e*e” decays in Figure 2.8 (a). Figure 2.8 (b) shows that the events in the tails
are, in fact, Z0's and not background. The non-gaussian D/¢ tails come from

accidental hits in the SVX incorrectly incorporated into the track fit.
2.4.8 Event Vertex Measurement

The position in z of the primary event vertex is measured by the Vertex
Tracking Chamber (VTX). The z position of the event is distributed about the nominal
interaction point by 0 = 26 cm (see Figure 2.9). This spread is an average of many
different o's from different physics runs. The spread of the interaction point in z

has implications for use of the SVX in physics analyses, since it is larger than the
length of the SVX. From studying the tracks from Z0 decays, 61.9 + 1.3 % of primary

vertices are contained within the SVX.
2.4.9 Leakage into the Hadronic Calorimeters

The ratio Had/EM of the energy in the hadronic towers of the electron cluster
(Had) to the energy in the electromagnetic towers in the electron cluster (EM) is used
to further select good electrons. The electromagnetic calorimeters nearly contain
electromagnetic showers, while hadron showers in general deposit energy in both
the hadronic and electromagnetic compartments. This quantity is physics-
dependent, however, since isolated electrons have less hadronic energy near by
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them than would electrons produced in association with hadrons (such as electrons
from semileptonic b decay, which in general are associated with a jet of hadrons
from the decay of the charmed meson). The distribution of Had/EM for inclusive and
W electrons is shown in Figure 2.4(f). As expected, the W electrons and the inclusive
electrons have a different Had/EM shape.

2.4.10 Calorimeter Isolation

This cut is not an electron identification cut but a topology cut. Electrons from
W and Z0 decay are expected to be "isolated." That is, they are not expected to be
produced in association with other particles. As mentioned above, electrons from
other physics processes are produced associated with jets of other particles nearby in
n-¢ space. We use the "isolation" variable, Iso, in order to select electrons not
associated with other hadronic activity. The Iso variable is defined as:

ETCone - ETCIuster

Iso =
luster
2"

where ErCone is the sum of the EM and Had transverse energies in all of the towers
(including the electron cluster) in a radius of R =4(An)’ +(A¢)? =0.4 centered

Cluster
Er

around the electron cluster, and is the electromagnetic transverse energy

in the electron cluster. The variable Iso for inclusive electron candidates and for
electrons from W decays is shown in Figure 2.4(g). Again, the shapes are different,
the inclusive electrons being less isolated.

2.5 Plug Hectron Identification

The track-finding efficiency for tracks in the Central Tracking Chamber falls
rapidly in the range of 7 covered by the plug calorimeters. Consequently,
information from the CTC in the region covered by the plug calorimeters is not used
in this analysis. To identify the presence of charged tracks pointing toward the
cluster, the occupancy in the vertexing chamber (VTX) octant pointing towards the
electron cluster is used (see Figure 2.10). This variable is the ratio of layers in the
VTX on which the electron deposits charge divided by the expected number of layers
in the VTX to be traversed by the electron, given the electron’s trajectory. The ratio
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Had/EM is used, as is the isolation variable, Iso. The variable ¥ 353 is used. This

variable is a fit of the lateral sharing of energy in the 3 towers in 7 by the 3 towers
~in ¢ around the electron cluster's center to the shape expécted from test beam data.
The distributions of these variables for Z0—e*e- events with a central electron and a
plug electron are shown in Figure 2.10.

2.6 Forward Electron Identification

Electrons in the regions covered by the forward calorimeters are identified
solely by the Had/EM, Iso, and VTX Occupancy variables. No other tracking or lateral
sharing variables are used. The distributions of these variables for Z0—e+*e- events
with a central electron and a forward electron are shown in Figure 2.11.

2.7 Central Electron Trigger

A three-level multipurpose trigger[ZZ] is used to select pp events for analysis.
The first two levels are programmable hardware triggers, while Level 3 is a software
trigger. This section describes the trigger selection for central electrons.

In the Level 1 trigger, energies in physical calorimeter towers of 0.1 x 15° in
N—-¢ space are first summed into 0.2 x 15° trigger towers. One trigger tower is
required to satisfy ET > 7 GeV. It also requires a coincidence of hits in the two BBC's.

As shown in Figure 2.12, the efficiency of this trigger for fiducial electrons is
99.2 £ 0.1 % for electrons with ET > 10 GeV.

Level 2 performs a cluster search and matches clusters to CTC tracks. EM
trigger towers with ET > 9 GeV are cluster seeds. Adjacent EM towers are then added
to the cluster if they have Er > 7 GeV. A cut of (EM+Had)/EM < 1.125 is imposed on
electron candidate clusters. A hardware track processor[23] ("Central Fast Tracker,"
or CFT) searches for tracks in the r-¢ plane in the CTC. For the electron trigger, a
track of Pt > 9.2 GeV/c is required to point to the electromagnetic cluster. As shown
in Figure 2.12, the Level 2 efficiency is flat vs. ET in the region of our concern (the
threshold is at 9 GeV). The inefficiency of this trigger for W and 20 electrons is
dominated by the CFT track reconstruction. This efficiency decreases at large Inl, as




shown in Figure 2.13. The overall efficiency of this trigger for W and Z0 electrons in
the fiducial volume was 91.5 = 0.3 % for this run.

In the Level 3 electron trigger, an electron cluster is required with

ET > 18 GeV. A three-dimensional track with Py > 13 GeV/c is required to point t
the electron cluster. The cuts Lshr < 0.2,16x < 3 c¢m,and 164 < 5 cmare imposed.
For this run, the average Level 3 trigger efficiency for electrons in the fiducial

volume is 98.2 + 0.1 9%.

In addition to the electron triggers described above, a set of backup triggers
were implemented which select W—ev events based not on the electron, but on the

neutrino, or ET (see Section 2.8). These backup triggers require the presence of a
neutrino, or ET, greater than 25 GeV, and either a calorimeter cluster or a high-Pr
track. These triggers are used to study the efficiency of the electron identification
cuts in the trigger.

2.8 Neutrino Identification

The calorimeter response to the total activity in the event determines the
resolution on the measurement of neutrino P7, which is inferred by invoking

momentum conservation. A non-interacting neutrino in our detector is detected by
the presence of a large transverse momentum imbalance ("missing ET," or ET7). The
missing ETis calculated from

ET = |(-1)x Z?,Ii |

where —b*{ is a vector whose magnitude is the transverse energy in a calorimeter

tower and whose direction points from the event vertex to the center of the
calorimeter tower. The sum is performed within the region In| < 3.6.

Events with perfect momentum balance and no resolution effects would have
ET = 0. The smearing about 0 on each component (xand y) of ET is gaussian and
grows with the XET in the calorimeter, as is shown in the minimum bias trigger

sample of Figure 2.14. Minimum bias triggers require only a coincidence of hits in
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both the forward and backward BBC's to signal the presence of an inelastic event. No
requirements of the calorimeters are made. The XZET is the scalar sum of ET over all
towers in the calorimeter with 7 | < 3.6. At the ZET typical of W events, the
resolution on ET is on the order of 3 GeV, while the neutrino Pt is of order 20 -

40 GeV. The ET significance, S = Ep~NZET, is a measure of how many standard
deviations away from zero is the ET in a particular event. Figure 2.15 shows S for

minimum bias events and for the W candidate events in our sample.

3. Inclusive Electron Sample

Inclusive high-Pr electrons are produced in decays of the electroweak bosons,
such as W-ev, Z0-ete-, or Z0-»1+1 and W—tv, where one of the 7's decays to an
electron. High-Pr electrons are also produced in QCD processes, where the electron is
embedded in a high-Pt jet of hadrons. The processes that can produce an electron
cluster in hadronic jets are (1) electrons which come in e*e- pairs, either from
photon conversions or Dalitz decays; (2) semileptonic decays of heavy quarks,
b-cev or c-sev, and (3) hadron showers (“fakes”) that pass our electron
identification cuts. The hadrons which pass our electron identification cuts are
predominantly overlaps of mt and 0 showers and pion charge exchange,
nt + N - n0 + N, which can occur in the calorimeters. This section describes the
selection of a sample of inclusive electrons and of three sub-samples: a sample of
electrons from W decays, a sample from Z0 decays, and a sample of non-Ww,/Z0
electrons. The non-W/Z0 sample is used as a control sample to study the W
backgrounds from hadron jets. Sections 4, 5, and 6 will describe these samples
further and discuss the cross-contamination between them.

Candidate events for W—ev and Z0—e*e- decays are selected from a common
sample of inclusive high-Pt electrons located in the central detector region which

pass tight cuts. Requiring tight cuts on the central electron in W and Z0 decay serves
three purposes. First, the well-understood central region has added information
from the tracking and the strip chambers that can be used to suppress backgrounds
from other physics processes. Second, the tight cuts on the central electron allow us
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to place loose, highly efficient cuts on the second lepton (the neutrino in the case of
W decays and the second electron in the case of 70 decays). Third, and perhaps most
importantly, selecting both W and 20 candidate events from a common sample of
inclusive electrons cancels several systematic uncertainties in the ratio of the W and
70 cross sections.

3.1 Central Electron Selection

The selection criteria for a high-P1, central, tight electron are listed in
Table 3.1. In addition, we define a tight, isolated central electron as one which passes
the cuts listed in Table 3.1 and also has Iso < 0.1 (sée Section 2.4.10). Iso is not an
identification variable, but an event topology cut. W and Z0 electrons are expected to
be isolated, but electrons from other physics processes may not be. A total of 50861
events pass the tight electron event selection criteria in an exposure of 19.6 pb-l. A
total of 30349 of these electrons‘pass the tight, isolated electron event cuts. The Er
spectra of the tight electrons and the isolated tight electrons are shown in Figure 3.1.
A peak at 40 GeV from W and Z0 decays is already apparent.

Table 3.1: Inclusive Central Electron Cuts

Had ' E Geny
ag < 0.045+o.055( (Ge )
1Zvertex! < 60 cm

Electron triggers the event

3.2 Z0 sample Selection

Z0 candidates are selected from the inclusive electron sample by requiring
that the tight central electron be isolated and also requiring a second isolated
electron which passes loose selection criteria. The loose cuts on the second electron
are listed in Table 3.2.




Table 3.2: 70 Selection Cuts

-One tight, isolated central Electron
-Second Electron passing loose cuts:

Central: Plug: ' Forward:
Er > 20 GeV Er > 15 GeV
Had/EM < 0.1 Had/EM < 0.1 Er > 10 GeV
Iso < 0.1 Iso < 0.1 Had/EM < 0.1
Opposite sign charged track ,? 30 Iso < 0.1
Ep < 20 g <

e 06 GeV/CE < Mieg< 116 GeV/c?

Figure 3.2 shows the invariant mass distribution of electron pair candidates
before and after the cuts of Table 3.2 are imposed. The electron pairs before the cuts
of Table 3.2 are imposed consist of one tight isolated central electron (Table 3.1) and a
second cluster as defined in Section 2.2. The dominant background suppression
comes from the kinematic cuts on the second electron. We observe 1312 events
which fall in the 66 - 116 GeV/c? mass range. Figure 3.3 shows the distribution in 7
of the second lepton of the 1312 Z0 candidates. Table 3.3 shows that the distribution in
1 of the second lepton corresponds well to expectations from the Monte Carlo when
the different total detector efficiencies and backgrounds are taken into account. The
Monte Carlo is normalized to the Z0 signal.

Table 3.3;: Z° Yield in Different Detector Regions

k.. . - - ]
Detector in 20 Candidate  Z9Background  Z9 Signal Monte Carlo
which 2nd Yield (see Sect. 6) (Yield - Expectation

Lepton Falls Background)  (see Sect. 7)
Central 529 11 528 + 23 535 £ 13
Plug 640 14 + 14 626 + 29 618 + 13
Forward 143 6 +3 137 + 12 138 + 8

3.3 WSample Selection

To select W's from the inclusive electron sample, we (a) require a tight,
isolated central electron in the event; (b) requireET > 20 GeV: (c) reject Z0 decays
by asking that the event does not posses a second, isolated, electromagnetic cluster
which forms a mass with the first electron in the 66 - 116 GeV/c? range. Figure 3.4
shows the Iso of the electron in the event vs. the ETin the event. The W's appear as a
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cluster at low Iso, high FT. The ET spectrum of the isolated (Iso < 0.1) and non-
isolated (Iso > 0.3) tight inclusive electrons is shown in Figure 3.5. A total of 13796
events have KT > 20 GeV and pass our Z0 rejection cuts. Figure 3.6 shows the
distribution in 1 of the electrons from the W candidates. The Z0 removal cut removes
only 41 events, because the missing Er requirement strongly suppresses the Z0's.

3.4 Non-W/Z0 Electron Sample Selection

The W and Z0 samples selected above are contaminated by electrons from other
physics processes. The backgrounds of electrons from hadron jets are particularly
important to understand. This section describes the selection of a control sample of
those electrons from hadron jets. In Section 4 we examine the make-up of this
sample and determine the fractions, fconvy, fp, and frake of electrons in jets that come
from conversions, heavy quarks, and fake electron clusters. The techniques used in
Section 4 are then employed in Section 5 to determine the contamination of the
FT > 20 GeVsample (W sample) from these hadronic processes.

From the inclusive electron sample of 50861 events, events which have a
second cluster which passes cuts of Had/EM < 0.1 and Iso < 0.1 are removed in order
to reject electrons from Z0—e+e-and Drell-Yan pair production. Approximately 4600
events are removed by this cut. Events which have ET > 10 GeV are rejected in order
to remove electrons from W-sev or Wotv—evvv. 21637 events survive this cut. The
contamination of this sample from W-ev, Z0—e*e", Wotv or Z0-t*7 is estimated[24]
to be 1.0 £ 0.2 %. Finally, we require a hadronic jet with ErT > 10 GeVand
electromagnetic fraction less than 0.8, which reduces the fraction of electrons from
weak boson decays to 0.4 £ 0.1 % of the sample. The 17805 electrons passing all of
these cuts are used as our control sample of non-W/Z0 electrons.




